Summary.
The development of the lymphatic system in the rat diaphragm was studied from embryonic day 16 to 25 weeks after birth by histochemistry for 5-nucleotidase, scanning electron microscopy of KOH-treated or intact tissues, and transmission electron microscopy of thin sections.
On embryonic day 16, distinct lymphatics were noted in the subpleural space of the diaphragm periphery.
The endothelial cells at this stage contained an abundance of rough endoplasmic reticulum, a developed Golgi apparatus and mitochondria, and fewer pinocytotic vesicles than those in adults. The subpleural lymphatics subsequently increased and formed a polygonal network. They possessed many valves, and by postnatal week 6, some thick collecting lymphatics became endowed with smooth muscle cells. On embryonic day 19, some lymphatics appeared in the subperitoneal space. They extended centripetally and had many lateral projections that subsequently became elongated and connected with those from adjacent lymphatics, thus forming a lattice-like network. During the early postnatal days, the subperitoneal lymphatics projected many bulges that subsequently became elongated, and came into contact with the pores among the mesothelial cells, thus forming lymphatic stomata connecting the lymphatic lacunae to the peritoneal cavity. The lymphatic stomata increased until postnatal week 10. The results show that lymphatics appear as early as embryonic day 16 in the subpleural space of the diaphragm periphery, and develop with age by sprouting to form networks in both the subpleural and the subperitoneal spaces, and that the direct connection of the lymphatic lacunae to the peritoneal cavity is fromed after birth.
The diaphragm is important not only for respiration but also for absorbing peritoneal fluid and particulate matters into the lymphatic system. It is now well known that the mesothelium lining the peritoneal side of the diaphragm possesses many pores or lymphatic stomata through which the peritoneal cavity is directly connected with the lymphatics (TSILIBARY and WISSING, 1977 , 1983 , 1987 BETTENDORF, 1978; LEAK and RAHIL, 1978; MISEROCCHI et al., 1989; FUKUO et al., 1990; LI and YU, 1991; NEGRINI et al., 1991 NEGRINI et al., , 1992 OHTANI et al., 1993; LI et al., 1996) . We previously showed the three-dimensional organization of the submesothelial lymphatics in the rat diaphragm (OHTANI et al., 1993) and the timing of the appearance of the pores connecting the peritoneal cavity with the lymphatics in the murine diaphragm (NAKATANI et al., 1996) . In addition, our recent work has shown that ligation of the lymphatic trunks draining the diaphragmatic lymph causes peritoneal fluid to leak out of the trunk and eventually enter the pleural cavity (OHTANI and OHTANI,1997) . There is, howerer, only one partial report on the development of lymphatics in the diaphragm (PoGGI et al., 1991) . Furthermore, there are very few data concerning lymphangiogenesis in other tissues, except for sketchy reports on the heart (KAMPMEIER, 1928-29; RYCHTER et al., 1971; LANDSBERGER and HEYM,1974; KLIKA et al., 1972) . LEAK and JONES (1994) demonstrated the formation of lymphatic capillary-like channels from confluent monolayers of lymphatic endothelial cells in vitro.
In the present study, we examined in detail how the lymphatics in the diaphragm develop and form pores to connect with the peritoneal cavity in fetal, neonatal, young, and adult rats. We employed four methods : enzyme-histochemistry for 5-nucleotidase (5-Nase), which allowed us to examine the distribution and structure of lymphatics at light microscopic level; scanning electron microscopy (SEM) of the KOH maceration method, which permitted the remo-138 X.-J. SHAG et al.: val of extracellular matrices and gave three-dimensional views of the lymphatics as well as other cellular elements; SEM and transmission electron microscopy (TEM) of intact tissue to study the ultrastructures of the developing lymphatics and their relationships to the surrounding structures; and confocal laser scanning microscopy in conjunction with immunohistochemistry for demonstrating smooth muscle cells associated with lymphatics.
MATERIALS AND METHODS

Animals
Animals used were 174 Wistar rats of embryonic day 16 to 20, postnatal day 0 to 4, and postnatal weeks 1 to 3, 6, 10, 23, and 25. They were maintained in an air-conditioned room and given water and laboratory chow ad libitum. Male rats of proven fertility were caged with female rats. The presence of a vaginal plug was assessed every morning, and the day on which the vaginal plug was noted was designated as embryonic day 0. As shown in Table 1 , the animals were used for 5-Nase enzyme-histochemistry, SEM of KOH-macerated tissues, SEM and TEM of intact diaphragm, and immunohistochemistry.
All rats were deeply anesthetized with diethyl ether and processed for the following experiments.
Enzyme-histochemistry
The diaphragm attached to the thorax was removed and immersed in 4% paraformaldehyde in 0.1M cacodylate buffer for 1 to 3 h. After immersion for 30 min in the 0.1M cacodylate buffer containing 1 Triton-X 100, the diaphragm was incubated for 40 min in a lead-based standard medium for 5-Nase reaction, using the method by WACHSTEIN and MEISEL (1957) . After extensive rinsing in distilled water, the diaphragm was immersed in 1% yellow ammonium sulfate solution for 2 min, mounted with either distilled water or glycerin, and examined under a light microscope.
Immunohistochemistry
The diaphragm was fixed in 4% paraformaldehyde in 0.01M phosphate buffered saline (PBS, pH 7.2-7.4) for 2h, and immersed overnight in PBS containing 0.5% Triton-X100.
After a brief rinse in PBS, the diaphragm was incubated in 10% goat serum (Histof ine SAB-PO kit, Nichirei, Tokyo, Japan) for 30 min. The diaphragm was rinsed in PBS three times for 10 min each, and then incubated in mouse anti-asmooth muscle actin monoclonal antibody (1: 100, Neo Markers, Fremont, CA, USA) for 48h at 4t. It was then incubated in biotinylated goat anti-mouse immunoglobulin (Dako, Glostrup, Denmark) for 2h. After rinsing in PBS three times for 20min each, it was furhter incubated in rhodamine-conjugated streptavidin (1: 100, Chemicon, Temecula, CA, USA) for 2h. After a final washing in PBS, the sample was observed under an Olympus LSM-GB200 confocal laser scanning microscope.
Scanning electron microscopy using a KOH maceration method
The samples were prepared according to our previously described method (OHTANI, 1992; OHTANI et al., 1993) . A small amount of 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) was injected into the thoracic and abdominal cavities. Ten minutes after injection, the diaphragm with thorax was removed and immersed in the same fixative for more than a day. The diaphragm was cut into pieces approximately 5x5mm2. The pieces were placed in 5N KOH for 8 to 10min at 60t. After rinsing in PB for 3 to 5 h, they were put in 1% tannic acid for 3 h, extensively rinsed, and then fixed in 1% 0504 for 3h. The specimens were dehydrated through ascending concentrations of ethanol, and freeze-dried in t-butyl alcohol. They were mounted on metal stubs, coated with gold, and observed under a Hitachi S-4500 scanning electron microscope at an accelerating voltage of 15 kV. Scanning electron microscopy of the peritoneal surface
Ten minutes after the injection of a small amount of 2.5% glutaraldehyde in 0.1M phosphate buffer (pH 7.4) into the abdominal cavity, the diaphragm was excised and immersed in the same fixative described above for 3h. The diaphragm was put in 1% tannic acid for 3h, After extensive rinsing in the buffer, the diaphragm was fixed in 1% OSO4 for 3h. It was dehydrated through granded concentrations of ethanol and freeze-dried in t-butyl alcohol. The samples were mounted on metal stubs, coated with gold, and observed by SEM at an accelerating voltage of 15 kV.
Transmission electron microscopy
The diaphragm was fixed in the same way as for the SEM study and cut into small pieces of approximately 1mm3. The pieces were postf ixed in 1% 0504 for 1 h, dehydrated through ascending concentrations of ethanol, and embedded in Epon 812. Semithin sections were stained with toluidine blue and examined under a light microscope. Ultrathin sections were stained with uranyl acetate and lead citrate, and observed under a JEOL JEM-2000X transmission electron microscope.
RESULTS
Light and confocal laser scanning microscopy Subpleural lymphatics of the diaphragm. The lymphatic vessels in the diaphragm were stained dark brown with enzyme-histochemistry for 5-Nase. On embryonic day 16, lymphatics with tubular shapes were noted in the subpleural space of the peripheral part of the diaphragm (Figs. la, 2 ). There were many lymphatics with tapered tips around which were also many 5-Nase positive cells. Thick Subpleural lym- phatics near the peripheral border of the diaphragm appeared to contain primitive valves as early as embryonic day 18, and by postnatal day 2 they became endowed with distinctive valves (Fig. lb) . With age, the lymphatics extended centripetally, giving off many side branches en route that interconnected to from a network (Figs. lc, 2) . By postnatal day 4, distinct lymphatics, which projected many sproutings with either tapered tips or round ends, also appeared in the periphery of the central tendon (Figs. ld, 2) . With age, the subpleural lymphatics increased in number and formed a polygonal meshwork that gathered into collecting lymphatics at the periphery of the muscular portion, near both the inferior vena cava and the esophagus (Figs. le, 2) . By postnatal week 6, the thick lymphatics in the subpleural space were endowed with smooth muscle cells that showed a-smooth muscle actin immunoreactivity (Fig. If) . The smooth muscle cells were long and slender, winding spirally in various directions around distal segments of the thick lymphatics, but taking more circular orientations around the more proximal segments.
Subperitoneal lymphatics of the diaphragm. On embryonic day 19, lymphatics appeared in the subperitoneal space of the diaphragm. The subperitoneal lymphatics, which primarily derived from the subpleural lymphatics, possessed many spike-like lateral projections (Fig. 3) . The lateral projections subsequently connected with those of adjacent lymphatics in the periphery of the diaphragm (Fig. 3) , and by postnatal day 3 numerous distinct bridges were formed between the lymphatics running parallel to the muscular fibers, thus creating a lattice-like network (Figs. 3, 4a, b) . With age, these lymphatics progressively enlarged and formed wide lymphatic lacunae immediately below the mesothelial cells lining the peritoneal surface of the diaphragm (Figs. 3, 4c, d ).
Scanning electron microscopy of KOH-macerated tissues
The KOH maceration and subsequent microdissection successfully removed collagen fibers and mesothelial cells, obtaining a three-dimensional view of the lymphatics in the submesothelial spaces by SEM (Fig. 5) . On embryonic day 19, lymphatics with irregular shapes were noted among mesenchymal cells in the subperitoneal connective tissue space. On postnatal day 2, there were many lymphatics running parallel to the muscular fibers in the subperitoneal space (Fig. 5a ). These lymphatics exhibited irregular, tubular shapes and possessed many lateral projections with tapered tips. The lateral projections occasionally connected with those of the adjacent lymphatics. Some of the tips of the projections consisted of thin, elongated endothelial cells, while others were composed of endothelial cells with small knob-like projections (Fig. 5b) . On postnatal day 3, the lymphatics in the subperitoneal space enlarged, and connections between adjacent lymphatics running parallel to the muscular fibers increased. At this stage, the subperitoneal lymphatics showed distinct bulges projecting toward the mesothelial cells (Fig.  5c ). The quantity of bulges increased over time. Tips of the bulges were closed by interdigitation of endothelial flaps at this stage. By postnatal week 10, most of the endothelial bulge tops showed either slit-like gaps or small but distinct pores between the endothelial cells (Fig. 5d ).
Transmission electron microscopy
On embryonic day 16, lymphatics with narrow lumina were first noted in the subpleural connective tissue space of the diaphragm. The lymphatics in the subpleural connective tissue space frequently extended sproutings (Fig. 6a ) or long endothelial cell processes without forming tubular structures (Fig. 6b) . The lymphatic endothelial cells at this stage appeared to possess an adundance of rough endoplasmic reticulum, mitochondria, and a developed Golgi apparatus, but fewer pinocytotic vesicles than those in adult animals (Fig. 6c) . The endothelial cells were not endowed with continuous basal lamina. They were attached to each other by overlapping or interdigitation with tight junctions.
On postnatal day 0 there were lymphatic endothelial processes extending toward the mesothelial cells. On around postnatal day 3, the subperitoneal lymphatics were noted to project many bulges toward the mesothelial cells. Most of the endothelial bulges were in contact with mesothelial cells (Fig. 7a) , although some emerged through the gaps between mesothelial cells into the peritoneal cavity. At this stage, the mesothelial cells above the lymphatics possessed rich endoplasmic reticula and a well developed Golgi apparatus (Fig. 7) .
With age, the lymphatics projections rapidly increased, extended through the connective tissue layer, and either came into contact with the mesothelial cells or emerged through the mesothelial pores to the peritoneal cavity (Fig. 7b) . Other lymphatic protrusions had openings that were either closed by mesothelial flaps (Fig. 7c) or continuous with the mesothelial pores, thus forming channels or lymphatic stomata directly connecting the abdominal cavity to lymphatic lumina (Fig. 7d) . At the stomata, the basal lamina of the mesothelial cells was continuous with that of the endothelial cells, but the latter soon became discontinuous.
Within the lymphatic stomata, some endothelial flaps projected to form valve-like structures (Fig. 7d) . Occasionally, red blood cells or other free cells were observed in the lymphatic stomata (Fig. 7d) .
Scanning electron microscopy of the peritoneal surface
The peritoneal surface of the diaphragm was lined with mesothelial cells studded with microvilli. On postnatal day 0, the lymphatic stomata were first noted by SEM. Funnel-like projections emerged through the mesothelial pores into the peritoneal cavity (Fig. 8a) . The lymphatic stomata that opened to the peritoneal cavity increased rapidly until postnatal week 10. The mesothelial cells in the regions where the stomata existed in clusters were thick with round cell bodies containing numerous microvilli and knob-like protrusions (Fig. 8b, c) .
DISCUSSION
The present study has demonstrated the timing of the initial appearance and the manner of the development of diaphragmatic lymphatics by enzyme-histochemistry, together with SEM and TEM. PoGGI et al. (1991) , in their TEM study, reported that rat diaphragmatic lymphatics appear only after birth. However, our study has revealed that lymphatics appear in the diaphragm as early as embryonic day 16. Lymphatics reportedly appear in the embryonic heart in the chick (KLIKA et al., 1972) and in humans Development of Diaphragmatic Lymphatics 147 (KAMPMEIER, 1928-29; LANDSBERGER and HEYM, 1974) . The fact that the lymphatic endothelial cells at this stage contained an abundance of rough endoplasmic reticulum, a developed Golgi apparatus and mitochondria, and fewer pinocytotic vesicles than those in the adult seems to ondicate that the former endothelial cells are higher in metabolic activity than the latter cells, while the latter endothelial cells are more active in vesicular transport than the former cells.
Neovascularization or angiogenesis of blood vessels occurs by sprouting from pre-existing vessels (FOLKMAN and SHING, 1992) . Our study has shown that lymphangiogenesis also occurs by a sprouting process similar to angiogenesis. However, the existence of 5-Nase positive cells in the vicinity of developing lymphatics during the early stages seems to suggest as well some other new formation mechanisms of lymphatics or lymphangiogenesis. As proposed by KLIKA et al. (1972) , mesenchymal cells may differentiate into lymphatic endothelial cells, which are incorporated into lymphatics. It is, however, not known how mesenchymal cells differentiate into lymphatic endothelial cells. The transf omation of mesenchymal cells into blood vascular endothelial cells has been proposed in the late prenatal stages (FUJIMOTO et al., 1987; HARA et al., 1994) , in tumors (HAMMERSEN et al., 1985) and in wound healing (GRILLo, 1963; MORI et al., 1963) .
The present study has clearly demonstrated hitherto unknown patterns of lymphatic development in the diaphragm. As illustrated in Figure 2 , the subpleural lymphatics first appear on embryonic day 16 in the diaphragm periphery, and extend centripetally, giving off many side branches en route to from eventually a polygonal network. In contrast, the development of the subperitoneal lymphatic lacunae can be summarized as follows: 1) lymphatics running parallel to the muscular fibers first appear on ED 19 in the subperitoneal tissue space by sprouting from the subpleural lymphatics; 2) these lymphatics project lateral sproutings; 3) the lateral sproutings interconnect with those from adjacent lymphatics and form a monolayered, lattice-like network; and 4) the lymphatics expand and form wide lymphatic lacunae (Fig. 3) .
The mesothelium lining the peritoneal surface of the diaphragm contains numerous channels or lymphatic stomata that directly connect the peritoneal cavity to the lymphatic lacunae (TSILIBARY and WISSIG, 1977 , 1983 , 1987 BETTENDORF, 1978; LEAK and RAHIL, 1978; MISEROCCHI et al., 1989; FUKUO et al., 1990; LI and YU,1991; NEGRINI et al., 1991 NEGRINI et al., , 1992 OHTANI et al., 1993; LI et al., 1996) . The present study has shown that the lymphatic stomata first appear on postnatal day 0, which confirms our previous study (NAKATANI et al., 1996) . NAKATANI et al. (1997) , in their TEM study, showed how the peritoneal lymphatic stomata were formed. In addition, we have demonstrated the process of the three-dimensional formation of the lymphatic stomata, which can be summarized as follows: 1) lymphatics below the mesothelial cells bulge towards the mesothelial cells; 2) the bulges penetrate through the connective tissue layer and come in contact with mesothelial cells, while small gaps are formed between the endothelial cells of the bulge tops; 3) the endothelial cells extend further to reach the rims of the mesothelial pores, thus forming channels directly connecting the peritoneal cavity to the lymphatic lumina.
Regarding the lymphatic stomata, it is interesting to note that the mesothelial cells in the regions where the lymphatic stomata exist have thicker cell bodies with many knob-like projections than those in other regions, and that they contain an abundance of rough endoplasmic reticulum, many mitochondria, and a well developed Golgi apparatus. These morphological features suggest that the thick mesothelial cells may secrete some materials that induce or accelerate prolongation of lymphatic endothelial cells, as is speculated to be the case in the costal pleura (WANG et al., 1997) . Also these thick mesothelial cells seem to repeatedly shrink and flatten thus controlling the size of the mesothelial pores according to the respiratory movement of the diaphragm.
Ever since VON RECKLINGHAUSEN (1863) first described how intraperitoneally injected milk entered the diaphragmatic lymphatics, many researchers have reported that fluid and particulate matters can pass through the stomata to lead into the lymphatics (LEAK and RAHIL, 1978; BETTENDORF, 1978; OYA et al., 1993; OHTANI et al., 1993; OHTANI and OHTANI, 1997) . The present study has demonstrated that red blood cells also pass through stomata. Recent studies have shown that dendritic cells with antigen-presenting capacity are present in the peritoneal cavity ( VAN VUGT et al., 1991 , 1992 BETJES et al., 1993) . In this context, one can speculate that dendritic cells also enter the diaphragmatic lymphatics through the stomata and are transported to the lymph nodes to present antigen to T lymphocytes. It is noteworthy that the subpleural lymphatics contain distinct valves as early as embryonic day 18. Most subpleural lymphatics in the diaphragm are equipped with valves, except for short segments with blind ends, as reported previously (OHTANI et al., 1993) . The appearance of lymphatics valves in the embryonic heart has been reported in humans (KAMP MEIER, 1928-29; LANDSBERGER and HEYM, 1974) . This appearance suggests that the lymphatic vessels start to form valves at the embryonic stage when lymphangiogenesis begins.
Also noteworthy is the finding that some thick lymphatics in the subpleural space of the diaphragm are endowed with smooth muscle cells. The smooth muscle cells have been proven immunohistochemically to contain a-smooth muscle actin. We observed smooth muscle cells associated with the subpleural lymphatics on postnatal week 6, but the timing of their appearance and origin are unknown. Some mesenchymal cells may have transformed into smooth muscle cells. The arrangement of smooth muscle cells around the lymphatics is quite similar to that of the rat cecal submucosa previously reported by us (OHTANI, 1992) . The smooth muscle cells of the collecting lymphatics seem to be involved in the active transport of lymph originating primarily from peritoneal fluid.
